Introduction: While several studies have identified an increased incidence of cardiovascular disorders in opiate dependence, neither opiates as a cardiovascular risk factor nor their effect on central arterial function has been considered. Methods: Pulse wave analysis (SphygmoCor, AtCorMedical Pty Limited, Sydney, NSW, Australia) was undertaken on a cohort of controls and opiate dependent patients and the results compared to their lifetime opiate exposure. Results: Controls (N = 401) were compared with 465 opiate dependent men. The mean (log) ages were different and were found to be 28.80 ± 0.49 years versus 35.02 ± 0.39 years (P , 0.0001), respectively. Of the opiate dependent group, 87.7% were treated with buprenorphine, 8.8% with methadone, and 3.4% with naltrexone. Multiple regression analysis was used to adjust for chronologic age (CA). At CA of 60 years, the modeled age in the controls was 66.40 years, and that in the addicted group was 73.11 years, an advancement of 6.71 years, or 10.10%. Exacerbations of age dependent changes in central arterial stiffness, central pressures, pulse rate, ejection duration, diastolic duration, and subendocardial perfusion ratio by opiate dependence were all noted (P , 0.05). Current heroin dose, heroin duration, and the dose duration interaction were all significantly related to the vascular (or "reference") age (RA)/CA ratio (all P , 0.006). After multivariate adjustment, the opiate dose duration was independently predictive of RA (P , 0.02). Opiate dose and/or duration were included in a further 25 terms. Conclusion: These data show that opiate use is not benign for the male cardiovascular system, but has a dose response relationship to central arterial stiffness and thus cardiovascular aging, acting independently and interactively with established cardiovascular risk factors. These findings imply accelerated organismal aging.
Introduction
While drug addiction in general, and opiate addiction in particular, have long been associated in the popular mind and the professional literature 1, 2 with poor health, the pervasive perception remains that pure opiates themselves are relatively innocuous to health, even in the long-term. [3] [4] [5] [6] [7] This is in contradistinction to stimulant abuse where cardiovascular toxicity is well known and widely appreciated. 3 If this widespread presumption relating to opiates is not correct, it carries obvious cautionary implications for niche areas of medical practice within the management of drug dependence, such as indefinite maintenance with full opiate agonist agents such as methadone and levoacetyl α-methadol, and medical trials of long-term heroin maintenance. However, this benign presumption also carries widespread implications beyond the management of drug abuse and dependency for at least two reasons.
Firstly, a significant amount of literature dating back at least 40 years has indicated that some of the most important effects of opiates relate to their effects on tissue growth. 8 It has been definitively and repeatedly shown that there is a constitutive inhibitory effect on tissue trophism maintained by opioidergic tone mediated mainly by β-endorphin and met-enkephalin. This can be pharmacologically uncovered with antagonists such as naloxone and naltrexone. It has been shown to be of a magnitude of about −30%. 8, 9 Similarly, the administration of opiates to young growing animals can inhibit the growth of all their organs and their body overall. The effect is again about +30%. 9 This information is being used to plan and develop treatments for malignancy and for the healing of corneal ulcers. 8, 9 The effect has been shown to be due to a special perinuclear receptor for met-enkephalin, called the opiate growth factor receptor. This receptor has been cloned and sequenced, and its gene identified. 9 This process can be blocked with designed siRNAs for the receptor gene. 9 Importantly, this ligated receptor has been shown to act through P16 inhibitor of cyclin dependent kinase 4A (P16INK4A) and P21 cyclin dependent kinase inhibitor 1A (P21WAV1/CIP1) to block cyclin dependent kinases 4 and 6 of the cell cycle. 10 The identification of the short arm of chromosome 9p21 in many genome wide association studies (GWAS) as being a hot spot for coronary artery disease association, notwithstanding that the actual locus has been described as a "gene desert" for protein coding genes, is now well known. 11, 12 Cyclin-dependent kinase inhibitor 2A (CDKN2A), the gene which transcribes P16INK4A is nearby this locus, and interactions have been defined between a long nonprotein coding RNA, known as anti-sense non-coding RNA in the INK4 locus (ANRIL), which occupies the site identified by GWAS, and the promoter of CDKN2A via a cis-acting mechanism 13 in addition to other pathways. 14, 15 This locus also codes for P15INK4B and P19ARF, which are associated with inhibition of cell growth and the induction and maintenance of tissue senescence. Because P14, P15, P16, and ANRIL are associated with senescence, 9p21.3 has been designated the "senescence locus." Hence, clinical opiate dependence and its manipulation may provide a unique window into the operation of this system. Secondly, opiate dependence may arise by several clinical pathways in addition to drug abuse per se, particularly by the management of chronic pain and iatrogenic routes. In the US, chronic pain accounts for 21% of emergency room (ER) visits, 25% of work days missed, and over $100 billion in health expenditure. 16 It is a condition affecting one third of Americans in their lifetime. 16 The Drug Abuse Warning Network has shown that four of the top ten drugs involved in ER visits are the opiates oxycodone, vicodin, methadone, and other opiates. 17 This dataset also shows a rise in non methadone non heroin opiate overdoses from 2.2% of all ER visits in 1997 to 11.5% in 2009. 17 Pulse wave analysis (PWA) by radial arterial tonometry is a technique which has been widely applied to many clinical conditions which affect the vasculature either primarily or secondarily. [18] [19] [20] [21] It has the major advantage of being sensitive to changes in arterial stiffness in the third and fourth decade of life, a period before many other techniques for measuring arterial function become usefully discriminatory. PWA is performed by taking a sensitive pressure recording of the radial arterial waveform over the wrist, and back calculating from it to derive a central pressure waveform in the aortic root and central large arteries using a validated transfer function, calibrated by the brachial blood pressure. The central waveform is a combination of the forward moving incident pressure wave from the heart together with the reflected backward directed waveform from resistance sites in the periphery. Dedifferentiation and deconvolution allow the two wave forms to be distinguished from each other. The amplitude and speed of the reflected wave is a direct function of the stiffness of the arterial tree, and therefore, an age related measure of arterial function. This "augmentation" of the incident cardiac pressure by the reflected wave is known as the central augmented pressure. Its ratio with the pulse height is defined as the central augmentation index. From these data a vascular (or "reference") age can be calculated automatically by the SphygmoCor software system (AtCorMedical Pty Limited). as these measurements have been calibrated with age in reference populations. They are affected by certain variables such as heart rate and height. Both the central augmentation pressure and index are corrected to a pulse rate of 75 to adjust for the effect of the pulse frequency. The vascular reference age is based on the corrected augmentation index adjusted for height and sex.
Finally, the point has been well made that since over half the population in Western nations die from cardiovascular causes, at least half of the effect of aging may be attributed to cardiovascular disease. 22 For this reason, the importance of these results extends beyond the cardiovascular system, in that by quantifying arterial stiffness and deriving a cardiovascular age, the technique is effectively constructing submit your manuscript | www.dovepress.com Dovepress Dovepress a surrogate marker for the biological age for the whole organism.
In summary, the conceptual framework of the present study is that opiates are related to senescence induction, stem cell inhibition, and immune stimulation (discussed further below) which together lay the foundation for a progeroid underlying pathophysiological state which forms the backdrop and proximal causal milieu for the myriad of observed pathologies. Vascular aging is expected to occur as part of organism aging, and is an important surrogate biomarker of the aging process in the whole organism. These considerations lead to the following hypotheses: (1) that opiate exposed patients may demonstrate increased cardiovascular age, and that (2) a dose response relationship may exist which is independent of, and in addition to, and/or interactively compounds, known cardiovascular risk factors. The present work tests these hypotheses in a clinical sample of men. As Southcity Family Medical Centre, Highgate Hill, Brisbane, QLD, Australia, sees both opiate dependent and general medical patients and has expertise in the technique of PWA, this site formed an ideal location to test the purported benignity of opiates on the cardiovascular system empirically. Companion papers address this subject in females 23 by various pharmacotherapy types, 24 and also consider the case when opiate agonism is replaced by antagonist-induced sobriety.
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Methods
Patient selection and treatment
Control subjects were taken from patients presenting for employment or insurance medical examinations, patients with minor health problems such as ear blockages, or patients presenting with minor psychological issues. University students were also sampled. Patients presenting in the course of their normal buprenorphine or methadone treatment were sampled at the time of their visit. Their treatment was in accordance with established therapeutic guidelines. Patients who had been treated by naltrexone implantation were also sampled opportunistically on the occasion of their clinic visit. Patients did not have naltrexone implants inserted as part of this study. Naltrexone implants were 1.7 g, derived from Go Medical Industries (Perth, WA, Australia) and designed to last for 5 months. Naltrexone implants are not a registered therapeutic good in Australia, but are available to patients under the compassionate access scheme within the Special Access Scheme of the Therapeutic Goods Administration in Canberra, ACT, Australia. These procedures have previously been described in detail. 26 The study was performed from 2006 to 2011.
PWA measurements
Patients were recumbent for 5 minutes prior to pressure recording. Sleeping and talking were not permitted during the studies, but prior eating, drinking, and alcohol and tobacco consumption were not restricted. Where it became clear that alcohol had been recently consumed, the studies of that day were omitted. PWA was performed using the technique of SphygmoCor, the Miller microtonometer, and the AtCor preamplifier and hardware, all obtained from AtCorMedical Pty Limited. Parameters were generated automatically by the software. PWA was measured over the right radial artery unless it was unavailable. The brachial blood pressure was measured in the contralateral arm with an Omron HEM 907 oscillometric device (Omron Corporation, Kyoto, Japan). All measurements were taken in quintuplicate wherever possible. Notes were taken at the time of the study relating to the patients' recent drug use, and entered into the software database. Patients whose main opiate of abuse was not heroin had their medication converted into oral morphine equivalents, and then into street heroin equivalents at the rate of 500 mg of morphine per gram of street heroin. The heroin dose entered was the usual daily dose injected at the time of the PWA study.
Major indices calculated from this technique included the vascular or reference age (VA and RA, respectively), the chronologic age (CA), the central augmentation pressure at heart rate 75, the central augmentation pressure/pulse height ratio at heart rate 75 which is also known as the augmentation index, peripheral-central pulse pressure amplification ratio, central pulse height, central systolic pressure, central diastolic pressure, central mean pressure, central end systolic pressure, central diastolic time index (C_DTI), central tension time index (C_TTI), central diastolic duration, an index of subendocardial perfusion known as the subendocardial perfusion ratio, central stroke volume index or the Buckberg ratio, which is defined as the C_TTI/C_DTI.
Statistics
Data are listed as mean ± standard error of the mean (SEM). Categorical variables were compared in EpiInfo version 7.0.8.3 from CDC (Atlanta, GA, USA). Data were log transformed to comply with normality assumptions. Arcsinh is a transformation similar to the log transformation, and also accepts negative and zero arguments. C-reactive protein (CRP) was arcsinh transformed in all multiple regression submit your manuscript | www.dovepress.com Dovepress Dovepress studies. Continuous statistics were compared in a bivariate manner in Statistica version 7.1 from Statsoft, Inc., (Tulsa, OK, USA). Where Levene's test was significant, t-tests were performed with separate variances. Adjustment for multiple testing in bivariate comparisons was not performed as this was not the primary focus of the analysis. It is not appropriate to the limited number of multiple regressions employed. Multiple linear regression was performed in "R" version 2.13.1, downloaded from the Central "R" Archive Mirror (University of Melbourne, Melbourne, VIC, Australia). Model appropriateness and maximization was done using ANOVA tests and the Akaike information criterion (AIC). Graphs were drawn using Ggplot2 software (Hadley Wickham, Houston, TX, USA). P , 0.05 was considered significant.
Ethical approval
All patients gave informed consent prior to any of the study procedures being undertaken. Patients having naltrexone implants also gave informed written consent. The study was approved by the Human Research Ethics Committee of the Southcity Family Medical Centre (Highgate Hill, QLD, Brisbane Australia), which has been approved by the National Health and Medical Research Council (Australia). All procedures and investigations were in accordance with the Declaration of Helsinki for research subjects. Compliance was maintained throughout with all applicable regulatory requirements.
Results
Sociodemographic data
As shown in Table 1 , 401 controls were compared with 465 patients with opiate dependence, a total of 866 male patients. Table 1 also gives biometric, substance use, and various laboratory values for the two groups.
Significant differences in CA were noted with the mean ± SEM being 28.80 ± 0.49 years and 35.02 ± 0.39 years in the control and opiate dependent groups, respectively (log comparison t = 11.7443, df = 786.69, P, 0.0001). Substance use and some laboratory parameters were also noted as significantly different. These latter parameters have been previously reported. 27 Of the opiate dependent patients, 408 (87.74%) were treated with buprenorphine, 41 (8.82%) with methadone, and 16 (3.44%) with naltrexone. The mean dose of buprenorphine was 7.05 ± 0.29 mg, and the mean dose of methadone was 68.04 ± 5.27 mg.
Bivariate PWA data
Comparative central and peripheral cardiovascular parameters are presented in Table 2 . The VA and measures of arterial stiffness are noted to be higher in the substance use disorder (SUD) group in accordance with their higher CA.
Multivariate age data
Figures 1 to 4 show graphs of various indices of arterial age, stiffness, pressure, and timing, respectively. Significant and interesting differences by opiate dependence status are presented in Table 3 as various parameters regressed against age and addictive status in additive and interactive models. The term "opiate status" in the table refers to the opiate dependent status compared to the control status. The first two rows in this table show that the age and pulse corrected central augmentation pressure (P = 7.37 × 10 −13 ) and index (P = 4.85 × 10 (log) RA/CA in an additive model, both were significant (est = 0.1297 ± 0.0433 and −0.0042 ± 0.0015, P = 0.0028 and 0.0064, respectively; model adjusted R 2 = 0.0097; F = 5.177, df = 2,847, P = 0.0058). When the exercise was repeated in an interactive model, both the heroin duration and the heroin dose:duration interaction were significant (est = -0.0078 ± 0.0020, 0.0123 ± 0.0031, P = 0.00013 and 0.000081, respectively; model adjusted R 2 = 0.0175, F = 8.544, df = 2,847, P = 0.00021).
Multivariate assessment of risk factors
Having determined that a dose response relationship existed between the rise in the RA/CA ratio and lifetime opiate exposure, the final question to be considered was whether such a relationship persisted after adjustment for other known cardiovascular risk factors in opiate exposed patients. Table 4 presents the final model obtained when (log) RA was regressed against interactive terms in CA, heroin dose, heroin duration, cigarette consumption, high-density lipoprotein (HDL), and CRP, and additive terms in body mass index (BMI), brachial systolic pressure, cholesterol, and height. The time elapsed since the last cigarette was not entered into this model as it was not found to be significant in exploratory modeling. The output has been arranged in ascending order of P-values. The model parameters were adjusted R 2 = 0.4727, F = 8.225, df = 34,240, and P , 2.0 × 10
. Interestingly, the heroin dose:duration interaction appears in nine terms (variables or interactions) in this final model. The value of the first interaction is t = 5.014 (P = 0.000001). The dose duration itself appears independently t = −2.424 (P = 0.0161). The heroin dose or duration appears by themselves in a further 17 terms. Interactive terms involving cigarette consumption, age, HDL, and CRP also feature prominently. CA, tobacco, HDL, and height are independently predictive.
Discussion
These results show that lifetime opiate exposure significantly affects vascular stiffness, including a significant dose response relationship. The final full multivariate model for VA, which includes the CA, accounts for 47.27% of the variance. In this model, the opiate dose duration interaction is independently predictive of the VA (P = 0.016). Moreover, this interaction occurs another eight times in the model with the most significant P-value being 10 −6 ( Table 4 ). The opiate dose or duration also occurs another 17 times in a model which is fully adjusted for all other major cardiovascular risk factors including cigarette consumption, systolic blood pressure, cholesterol, HDL, CRP, height, and BMI. The age
Modeled ages
In terms of minimizing the AIC, the best model for modeling age related change in RA is the semilog model of log (RA) against CA. The modeled age predicted for the control group at 60 years (intercept = 2.4971, slope = 0.02831) was 66.40 years, and for the opiate dependent group (intercept = 2.5669, slope = 0.02875) it was 73.11 years, a rise of 6.71 years or 10.10%.
Dose response relationship
The next matter to be considered was whether there was a dose response relationship between CA corrected (log) RA and the dose and duration of heroin use in terms of lifetime exposure in opiate exposed patients. 
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Vascular aging in male opioid dependence and heart rate corrected central augmentation pressure and augmentation index were also shown to be impacted by the addictive status (P , 10 −12 ), as were other major central cardiovascular parameters such as central systolic and diastolic pressures, subendocardial perfusion, heart rate, ejection duration, and diastolic duration. At a modeled CA of 60 years, the predicted VA for the controls was 66.40 years, and for opiate dependent patients, it was 73.11 years. This represents an age advancement of 6.7 years, or 10.10%.
Notwithstanding these clearly deleterious changes in many central hemodynamic parameters, the VA was not shown to be worse in the opiate dependent group, despite the strong dose response relationship. The VA is based on the central augmentation index corrected for height, heart rate, and sex. The augmentation index itself was shown to be related to age in a curvilinear convex upward manner. The pulse rate corrected augmentation pressure was shown to be related in a direct linear manner to CA. Hence, the demonstration that both the central augmentation pressure and index are different in opiate dependence establishes the hypothesis that opiate dependence is associated with cardiovascular aging, despite the failure of the RA itself to reflect such a change.
Furthermore, it is likely that the failure to document an increased RA amongst the substance dependent patients is related to lack of homogeneity within the opiate dependent group. It was noted that 87.7% of opiate dependent patients in this group were treated with buprenorphine at the unusually low mean dose of 7.05 ± 0.29 mg. Recent evidence suggests that the treatment pharmacotherapy was also a significant determinant of the cardiovascular parameters observed, 24 and had the group been made up of more patients treated with full opiate agonists such as methadone, as may be common in most cohorts, the central VA would indeed have been relatively elevated. These results, therefore, can be seen as representing a "best case scenario" for opiate dependence because the major treatment employed was probably the mildest of all the available possibilities. This finding, therefore, is not felt to detract significantly from the overall results of the present study. These results are important because it is not uncommon for studies of cardiovascular pathology to ascribe the observed differences to an increased rate of known high risk lifestyle factors in opiate dependence rather than to the opiates themselves. 4, 6, 28, 29 The models presented herein make full sex specific adjustment for all major cardiovascular risk factors, and demonstrate that significant risk is still attached to lifetime opiate exposure, albeit much of that risk is mediated by its interaction with other known cardiovascular risk factors. It is also important to underscore that it is simplistic to suppose that such studies in multivariate regression can straightforwardly dissect out the supposed opiate attributable cardiovascular risk. Other factors, such as HDL and CRP, remained in the model, and were included in many interactive terms. Yet, the literature strongly indicates that such factors themselves may be perturbed by opiate dependence acting by multiple pathophysiological pathways, which is therefore likely acting by multiple pathways as discussed below. Furthermore, since opiate receptors and endorphins play a central role in appetitive regulation, it is likely that even factors such as tobacco and other substance use are also impinged upon by the hypothalamic effects of opiates. 30 Hence, it is likely that 33 They have also shown that 17% of these patients over the age of 44 years have coronary stenoses exceeding 75%, together with other cardiac pathologies including interstitial fibrosis, 5 and that these changes are worse in methadone treated patients. 4 There is further literature showing exacerbation of all cardiovascular risk factors by long-term opiate dependence. Hence, there is a body of evidence, which overall is compelling, that shows a real association between cardiovascular disease and opiate dependence, although it appears to not be well understood at the mechanistic level.
These findings raise the question as to the likely mechanism of the observed effects. While opiates have effects in many systems, several in particular would appear to be relevant to their pro-aging activities. En passant, it is worth noting that these effects have occurred despite better total cholesterol and low density lipoprotein data in the drug dependent group (Table 1) and despite their significantly older CA. Hence, the beneficial effects of an improved lipid profile in these patients appear to have been overcome by other factors. The direct effects on the P16 system were outlined in some detail in the Introduction section. Opiates have been shown to impair stem cell number 34 and activity, 35 acting through Akt and cyclindependent kinase 5, as well as P16INK4A. 9 P16 has also been shown to induce senescence directly. 36 Opiates have also been shown to either cause or potentiate cellular apoptosis, 37 a change likely to be exacerbated by the reduction in replacement from the progenitor cell pool. Opiates also bind directly to toll-like receptor 4 and various chemokines, and directly trigger the pro-inflammatory pathways signaling to nuclear factor-κB. 38 Many stem cells are very sensitive to inflammatory cyto kines and rapidly shut down replicative activity. 39 Moreover, an increase in these various pro-senescence changes will increase the likelihood of various tissues entering senescence. Senescent tissues have themselves been shown to release pro-inflammatory cytokines such as interleukins-6 and -8, which at once feed forward and magnify the pro-inflammatory, prosenescence response, further suppressing cell replication and renewal. 40 As noted earlier, it is likely that cardiovascular aging is a useful surrogate marker for general aging across the whole of the organism. 22 Certainly, tabulations demonstrating significantly elevated rates of morbidity and mortality opiates are acting by multiple routes, many of which are included under various terms in regression models, beyond simply those directly associated with opiate use itself.
Other researchers have also noted the increased rate of cardiovascular disease in opiate dependence, particularly where such patients are treated with methadone. 31 One large Californian study found an increased incidence of hypertension in these patients. 28 A careful angiographic study found elevated rates, severity, and premature occurrence of clinically significant coronary disease requiring open vascular reconstruction. 32 They are also consistent with other studies documenting age related changes in opiate dependence in teeth, bone density, and hair greying, and with reduction in stem cell numbers. 34, [41] [42] [43] There are several limitations of this study. Formal taking of the drug history in a form which allowed ready data analysis would have been an advantage, and should be considered in any future replication of this work. The composition of the study population has been mentioned as an issue, and it would therefore be useful in any future sample of opiate dependent patients to give careful thought to deliberate sampling of opiate dependent populations treated with various agents. A further useful refinement would be to follow patients sequentially to determine if their indices of vascular aging vary with their treatment type, or with periods of drug free rehabilitation. In making these suggestions, this is not to minimize the very real difficulties experienced by most research groups in tracking opiate dependent patients. It would also be useful to randomize patients to treatments at the outset, thereby controlling baseline variables. The lack of control in our study environment of factors such as food, drink, exercise, and tobacco consumption prior to the performance of the pulse wave tonometry studies is also a shortcoming. It would also be of interest to follow various markers of cellular and cytokine senescence in these patients.
In summary, the present work has shown a dose response effect of lifetime opiate exposure with central cardiovascular age and measures of arterial stiffness, demonstrated elevated levels of arterial stiffness in opiate dependence, and shown that the effect of opiates on central VA persist even in models including other major cardiovascular risk factors. There is a broad base of molecular and cellular aging and senescence theory to explain such changes. This body of work is consistent with prior survey, postmortem, population based, and angiographic studies which also document elevated rates of coronary disease in opiate dependence. As such, it is suggested that opiate dependence forms a complex but important model to study coronary atherogenesis. These findings also form an important surrogate marker for accelerated aging of the whole organism. Various suggestions are made for refinements of these findings in future studies. Vascular Health and Risk Management is an international, peerreviewed journal of therapeutics and risk management, focusing on concise rapid reporting of clinical studies on the processes involved in the maintenance of vascular health; the monitoring, prevention and treatment of vascular disease and its sequelae; and the involvement of metabolic disorders, particularly diabetes. This journal is indexed on PubMed Central and MedLine. The manuscript management system is completely online and includes a very quick and fair peer-review system, which is all easy to use. Visit http://www.dovepress.com/ testimonials.php to read real quotes from published authors.
